Introduction
Ammonium perchlorate (AP) is the most common energetic oxidant in composite solid propellants (CSPs). The thermal decomposition characteristics of AP directly inuence the burning behavior of CSPs. 1, 2 Extensive studies reveal the catalytic activity of transition metals oxides which can signicantly improve the performance of the decomposition of AP. [3] [4] [5] [6] [7] [8] [9] Among the numerous varieties of transition metals oxides, spinel oxides (nanoferrites) due to their size, surface site and abundance of cations, for co-ordination sites, can increase activity of chemical reactivity 10 and are widely applied in the elds of electronics, catalysis, adsorbents, etc. Previous studies have suggested that the increase of specic surface area of a catalyst would dramatically enhance its catalytic performance on thermal decomposition of AP. 11, 12 However, nanoparticles (NPs) are likely to aggregate due to their large surface energy, which will lead to the decrease of specic surface area and further inuence their catalytic performance in the decomposition process.
Enormous attention has been attracted on graphene due to its excellent special surface properties, high conductivity and thermal stability. 13, 14 It has been proved that the twodimensional structure of graphene sheets allows them to be the perfect dispersing-substrate for the NPs and acts as efficient solid conductive supporters for enabling good contact between nanoferrites. 15 Herein, we prepared rGO/MFe 2 O 4 (M ¼ Cu, Co, Ni) nanohybrids in a facile one-pot way. We demonstrated a comparative study about the catalytic activities of nanohybrids on thermal decomposition of AP. As far as we know, no study involving rGO/ MFe 2 O 4 nanohybrids as a series of catalysts for the decomposition of AP has been reported. 
Characterization
X-ray powder diffraction (XRD) patterns of the nanohybrids were obtained using a Bruker D8-Advanced diffractometer. Transmission electron microscopy (TEM) and high-resolution (HRTEM) was measured on a JEOL, JEM-2100. The function groups were investigated by Fourier transform infrared spectra (FT-IR; Perkin Elmer). Raman spectra were investigated by a Raman spectrometer (Horiba JY HR-800). X-ray photoelectron spectroscopy (XPS) was characterized by a PHI Quantera system. Nitrogen adsorption/desorption isotherms were characterized by an BELSORP-max (ANKERSMID), Brunauer-Emmett-Teller (BET) method was used to calculate the specic surface area. The rGO/MFe 2 O 4 (M ¼ Cu, Co, Ni) nanohybrids, rGO and pure MF NPs were fully mixed with AP in the mass ratio of 1 wt%, 3 wt% and 5 wt%, respectively. The thermal properties of the above mixtures were investigated using a differential thermal analyzer (TGA-DSC, METTLER, 1/1600HT) with nitrogen gas (ow rate 50 mL min À1 ).
Results and discussion

Characterization
The XRD patterns of as-prepared rGO/CuF, rGO/CoF, rGO/NiF nanohybrids are displayed in Fig. 1 . For CuFe 2 O 4 (Fig. 1a) 6, and 9.8 nm, respectively. The morphology of the as-synthesised rGO/CuF, rGO/CoF, rGO/NiF nanohybrids and GO were characterized by TEM. As shown in Fig. 2a 18 For rGO/MFe 2 O 4 ( Fig. 3b-d ), peak intensity of oxygen-containing groups decreased obviously or disappeared gradually indicating that GO has been successfully reduced to rGO. 19 The peak at 1574 cm
À1
, is due to the skeletal vibration of rGO sheets. A new absorption at around 600 cm À1 is assigned to the metal oxygen bonds. Fig. 4b , the peaks at around 723.0 and 710.6 eV corresponds to Fe2p 1/2 and Fe2p 3/2 , respectively. 20 In Fig. 4c -e, two peaks at 932.9 eV and 952.7 eV are assigned to Cu2p 1/2 and Cu2p 3/2 , respectively.
21 Two peaks at 779.2 eV and 880.8 eV is ascribed to the Co 2p 3/2 and Co2p 1/2 , respectively.
22
Two peaks at 855.0 and 872.7 eV corresponds to Ni2p 3/2 and Ni2p 1/2 , respectively. 23 In Fig N 2 adsorption/desorption isotherms tests are done to calculate specic surface area of pure NPs and rGO/MF (M ¼ Cu, Co, Ni) nanohybrids. As shown in Table 1 , the BET value of rGO/ MF (M ¼ Cu, Co, Ni) is much higher than that of pure NPs, indicating that rGO sheets improved the dispersion of the NPs, which may resulting its improved catalytic activity. agreement with crystallographic transition from the orthorhombic to cubic form. In the second stage, peaks at 300.8 C,
shows low-temperature decomposition (LTD) and peaks at 424.7 C shows high-temperature decomposition (HTD).
However, Fig. 6b-d show the endothermic peak has no shis, indicating that rGO/MFe 2 O 4 nanohybrids have no impact on the endothermic process but obvious peak temperature decreasing is taken place in LTD and HTD process.
In Fig. 6b , LTD peak has no signicant changes. As shown in Fig. 6c and d, only one exothermic peak (HTD peak) is obvious for 5 wt%, compared with two exothermic peaks for 1 wt% and 3 wt%. (M ¼ Cu, Co, Ni) nanohybrids demonstrate excellent catalytic effects in decreasing the HTD temperature and increasing the energy release of AP. However, the rGO/CuF nanohybrids showed the best catalytic effects and the rGO/NiF nanohybrids the least. The thermal catalytic performance of catalysts on the decomposition of AP is content dependent. As seen from Fig. 6 , increasing the mass ratio of rGO/MFe 2 O 4 (M ¼ Cu, Co, Ni) nanohybrids in mixtures can decrease HTD peak temperature and the catalytic performance of rGO/CuF shows less relative to amounts compared to that of rGO/CoF and rGO/NiF nanohybrids. For comparison, TG-DSC tests were further conducted to study the catalytic activity of the as-prepared MF (M ¼ Cu, Co, Ni) NPs and rGO sheets at a heating rate of 10 C min
À1
. As can be seen in Table 2 , rGO/MFe 2 O 4 (M ¼ Cu, Co, Ni) nanohybrids demonstrated better catalytic effect than that of pure NPs and rGO. In Fig. 7a , there are two weight loss steps for pure AP, 23.1% of the rst and 76.9% of the second. In Fig. 7b , two weight loss steps take place in all three mass ratio and the weight loss are almost the same, 35.5% of the rst and 64.5% of the second. In contrast, Fig. 7c and d show that the weight loss of catalyst (5 wt%) is taken only in one step, which are consistent with their DSC results. Thus the mixtures (5 wt%) exhibit the best catalytic effects in decreasing the HTD temperature of AP compared to other mass ratio. However, for rGO/CuF, it is the most difficult to further decrease the HTD temperature of AP with addition of higher concentration.
E a,a values of AP mixed with rGO/MFe 2 O 4 nanohybrids by model-free methods
To Evaluate the E a,a values of AP mixed with rGO/MFe 2 O 4 (3 wt%.) nanohybrids in the HTD process, mixtures were performed at heating rates of 5, 10, 15 and 20 C min À1 . a T: decreased HTD peak temperature. Two model-free methods, Flynn-Wall-Ozawa (FWO) and Kissinger-Akahira-Sunose (KAS) were applied for obtaining E a,a values. [26] [27] [28] [29] [30] [31] [32] [33] The two methods allows the activation energy to be evaluated without making any assumptions about the reaction model. Therefore, for the rst order reaction, extent of reaction conversion (a) is calculated using the following eqn (1): 
The m 0 and m t are the mass of the sample at the starting and ending time; while m N is the mass at arbitrary time or temperature.
The FWO method shown in eqn (2) is:
The KAS method shown in eqn (3) is:
where b i is heating rate, E a,a is activation energy, R is ideal gas constant, T a is temperature at arbitrary conversion values. Tables 3 and 4 . The dependence of E a on a using FWO and KAS method is shown in Fig. 10 , respectively. Since the E a,a values of mixtures have increased, HTD process of AP is done harder and slower.
Catalytic mechanism
According to the previous researches, 34 the rst decomposition stage is solid-gas multiple reaction including decomposition and sublimation: , respectively. The enhanced catalytic activity, attributed to the synergistic effect of NPs and rGO, can make the rGO/MFe 2 O 4 (M ¼ Cu, Co, Ni) nanohybrids be promising catalysts in the AP-based propellants or energetic materials. 
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